Abstract-In this paper the combined electro-thermal life model for the insulation of power cables is extended in order to include the volume enlargement law, whereby the statistical breakdown behavior with the increase of insulation volume is accounted for. In this way, a new comprehensive model is obtained, whose usefulness lies in that it includes the effect of volume enlargement -beside that of electrical and thermal stresses -on life estimation. This combination is particularly useful for power cables. Indeed, the extrapolation from laboratory test results to in-field expectations implies a significant enlargement process over cable insulation volume, since life tests are performed using short cable lengths and, furthermore, "mini-cables" most of times. Consequently the estimation of life expectation of a full size cable installed in field cannot disregard the volume enlargement law. In the paper, the novel extended life model is illustrated and discussed considering both AC and DC high voltage power cables.
I. INTRODUCTION
The suppliers of electrical and electronics components perform several tests in order to assess their life expectations. Electrical insulation is the heart of an electrical and electronic component and its life prediction is an obliged step for any reliability inference. Usually life is evaluated considering ordinary operating conditions. In this respect different life models have been used over the years with the goal of taking into account at least the main stresses for the insulation ageing. As far as power cable insulation is concerned, the electrical and thermal stresses are the main stresses. For this reason, the most widely used electro-thermal life model for power cables combines the well-known Inverse Power Model (IPM) for the electrical stress and the well-known Arrhenius model for the thermal stress, that are coupled through a synergy factor.
In this paper the combined electro-thermal life model is extended in order to include the volume enlargement law, whereby the statistical breakdown behavior (or alternatively withstand behavior) with the increase of insulation volume is accounted for. In this way, a new comprehensive model is obtained, whose usefulness lies in that it includes the effect of volume enlargement -beside that of electrical and thermal stresses -on life estimation. This combination is particularly useful for power cables. Indeed, the extrapolation from laboratory test results to in-field expectations implies a significant enlargement process over cable insulation volume, since life tests are performed using short cable lengths and, furthermore, "mini-cables" most of times. Consequently the estimation of life expectation of a full size cable installed in field cannot disregard the volume enlargement law. In the paper, the novel extended life model is illustrated and discussed considering both AC and DC high voltage cables.
II. THE WEIBULL DISTRIBUTION IN FAILURE STATISTICS

A. Weibull Distribution of Failure Times
As well-known [1] 
where P t is the cumulative failure probability associated with the random variable "failure time" t, α t (the 63.2 th failure-time percentile) and β t are, respectively, the scale and shape parameters of the Weibull pdf of failure times. For its statistical significance, α t is often chosen as the reference percentile when processing time-to-failure data, as well as when writing a life model.
It must be emphasized that in general α t and β t depend on voltage, thus on electric field (although β t is often assumed as independent of applied voltage). Thus, (1) can be written for the design voltage V 0 (or equivalently the design electric field E 0 1 ) of a power cable, that yields a design failure probability (not higher than) P 0L at a failure time t 0L , as well as for another voltage V that yields for the same cable a failure probability P L at a failure time t L , i.e.:
where α 0t and β 0t are the scale and shape parameters corresponding to design voltage V 0 (or equivalently the design electric field E 0 ), α t and β t are the scale and shape parameters corresponding to a generic voltage V (or equivalently to a generic electric field E).
Equations (2), (3) can be recast as a function of the exponential percentiles t 0L and t L , respectively, as follows:
or alternatively as a function of α t and α 0t , respectively, i.e.:
B. Weibull Distribution of Dielectric Strength Furthermore, the 2-parameter Weibull pdf fits well also the dielectric strength -or "breakdown voltage" -data obtained on solid insulation under "ramped" AC or DC voltage, i.e.:
where P E is the cumulative failure probability associated with the random variable "dielectric strength" E, α E and β E are, respectively, the scale and shape parameters of the Weibull pdf of dielectric strength. As in the case of (1) , also (8) can be written for two different situations that are the starting and the ending point of an enlargement/reduction process in volume, namely: for a reference volume v 1 , where a certain failure probability P E1 corresponds to a dielectric strength E 1 ; for an enlarged/reduced volume v 2 , where a certain failure probability P E2 corresponds to a dielectric strength E 2 . Then one gets, respectively:
where α E1 and α E2 are the values of scale parameter of dielectric strength corresponding to reference volume v 1 and to enlarged/reduced volume v 2 , respectively. However, when comparing (9), (10) for the pdf of dielectric strength with the homologous relationships (2), (3) for the pdf of failure time, it can be noted that in the former distribution the shape parameter β t in general depends on stress (see above), while in the latter distribution the shape parameter β E in general does not depend on volume, due to the inherent characteristics of the enlargement process [1] .
Equations (9), (10) can be now recast as a function of the exponential percentiles E 1 and E 2 , respectively, as follows:
or alternatively as a function of α E1 and α E2 , respectively, i.e.:
III. ARRHENIUS-IPM ELECTROTHERMAL LIFE MODEL As well-known simple "phenomenological" life models are capable of fitting the results of ALTs carried out in the lab on solid insulation specimens of various dimensions (from small size test-cells to large size prototypes, eventually to full size insulating systems to be installed in the field) in the presence of voltage and temperature only. These models are respectively the electrical Inverse Power Model (IPM) and the Arrhenius thermal model [3] - [5] .
Dealing with the first, when a constant voltage only is applied to an insulation system, the IPM -often referred to as voltage-time (or simply v-t) characteristic -is commonly used for expressing the relationship between applied voltage/electric field and time to failure, for instance in the following form [2] :
where α t (E) is the 63.2 th percentile of time-to-failure, also referred to as "electrical life" (see α t in relationships (1), (3), (5)), E is the electric field strength, also referred to as "electrical stress", E 0 is a reference value of electric field (e.g. the design electric field of cable insulation introduced in Section II.A), n is the so-called voltage exponent or voltage endurance coefficient (VEC) [2] , [6] , and as to α 0t it holds α 0t =α t (E=E 0 ), consistently with relationships (2), (4).
The IPM was capable of fitting a huge amount of failure time data relevant to cable insulation (see, e.g. [6] - [8] ). Moreover, it is a reference life model in International Standards: e.g., the latest editions of IEC 60840 and IEC 62067 use implicitly the IPM with n=7 (design life of 40 years) for deriving the test duration and the rms AC voltage in the prequalification (PQ) test of HV and EHV cables [9] ; the latest edition of Technical Brochure CIGRÉ 496 uses explicitly the IPM with n=10 for deriving the test duration and the DC voltage in the PQ test of HVDC extruded cables [10] .
Coming now to the Arrhenius model, it is based on Dakin's theory [3] , stating that temperature accelerates the rate of degradation reactions in such a way that the logarithm of the time-to-end point, i.e. "thermal life", is inversely proportional to absolute temperature, T [11] . Hence, the 63.2 th percentile of thermal life, α t (T), can be expressed as [2] , [6] :
where cT=1/T 0 −1/T is the "conventional thermal stress", T 0 is a reference absolute temperature (e.g. design temperature), α 0t =α t (T=T 0 ), B L =∆W/k B (∆W being the activation energy of the main thermal degradation reaction and k B the Boltzmann constant). Equation (16) is referred to as the Arrhenius model.
By combining the electrical IPM (15) with the thermal Arrhenius model (16), the following "electro-thermal life model" is obtained [2] , [6] , widely used in the literature about power cable life and reliability inference [12] , [13] :
where α t (E,T) is the 63.2 th percentile of "electro-thermal life", α 0t =α t (E 0 ,T 0 ) -again, consistently with (2), (4) -, n 0 is the value of the VEC at reference temperature T 0 , b L accounts for the synergism between electrical and thermal stress [2] , [6] . n 0 , b L , B L are mainly stress independent and related to the dielectric only, whereas α 0t depends on both material and design stresses E 0 , T 0 2 .
IV. THE ENLARGEMENT LAW FOR HV CABLES
As well known in practice, the failure probability of a cable line at a given applied electric stress E increases with the cable line length, since the larger is the insulation volume, the more are the weak points. This experimental evidence is accounted for by the so-called statistical enlargement law, that is a practical application of the multiplication law for nondependent probabilities under the Weibull hypothesis for solidextruded cable insulation [1] . The enlargement law for HV cables was extensively treated by the authors, that also developed the innovative enlargement law for HVDC cables starting from the existing theory of the enlargement law for HVAC cables (see [14] for a comprehensive treatment). In summary, the enlargement law links the dielectric strength scale parameter of a reference insulation volume v 1 to that of an enlarged/reduced volume v 2 , α E1 and α E2 respectively (see Section II.B), and can be written as:
where G is a geometrical factor depending on l 1 and r i1 , i.e. respectively the length and the inner insulation radius of the reference cable 1 (e.g. a cable model), as well as on l 2 and r i2 , i.e. respectively the length and the inner insulation radius of the enlarged/reduced cable 2 (e.g. a full size power cable) and on β E ; H is a more complex function, that depends on β E (see eqns. (8)- (14)) as well as on r o1 and r o2 , i.e. the outer insulation layer radius of cable 1 and 2 respectively.
The expressions of factor G and function H of the enlargement law for HVAC and HVDC cables are listed in Table I . It can be easily argued that the enlargement laws for HVAC and HVDC cables differ only for the expression of function H, that is more cumbersome for HVDC cables. Indeed, in the case of HVDC cables H depends on an additional quantity η=(1-δ)β E , which in turn encompasses another quantity δ. This latter -referred to as "coefficient of inversion", because the well-known phenomenon of inversion of the electric field in a DC cable occurs when δ>1 [14] -is affected by several quantities relevant to the DC cable, i.e.: conductor losses, DC voltage, thermal resistivity of the dielectric, temperature and electric stress coefficients of electrical resistivity of the dielectric (see [2] , [14] for details).
On the other hand, if only an enlargement in length takes place with no radial enlargement, then H DC =H AC =1 and the enlargement law simplifies as follows: 2 It is more evident now that all relationships (1)- (15) are all relevant to the reference temperature T0. This has to be kept in mind when merging the electro-thermal life model with the statistical enlargement law in Section V.
V. MERGING THE LIFE MODEL WITH THE ENLARGEMENT LAW
The enlargement law summarized via relationship (18) can be merged with the electro-thermal life model (17), thereby attaining a global relationship that holds in the case of both radial and length enlargement. The merging procedure starts from relationship (17), that can be rewritten for the reference volume v 1 introducing the relevant design electric field E 01 and the generic electric field E 1 , as follows ( )
where for the sake of compactness it has been set n=n 0 −b L cT and A(T)=exp(−BcT).
Then, E 1 in (20) can be expressed via relationship (11) , so that equation (20) becomes:
Now, let us express α E1 in equation (21) via the synthetic form of the enlargement law, equation (18), as follows:
Furthermore, we can now express α E2 in equation (22) resorting to former equation (14) ,. In this way, we obtain an equation that links α t (E,T) -i.e. the 63.2th failure time percentile of the enlarged/reduced cable 2 at stresses E, T -to α 0t -i.e. the 63.2th failure time percentile of reference cable 1 at design stresses E 0 , T 0 -namely:
Now, from (6) and (7) let us express respectively α 0t and α t (E,T) in (23) vs failure time t 0L (corresponding to design electric field E 0 and design failure probability P 0L ) and failure time t L (corresponding to field E and failure probability P): 
Equation (25) is a global model that merges the electrothermal life model and the enlargement law in the general case of both radial and length enlargement. It is a powerful tool that enables to express the 100 P L th failure time percentile t L (E,T) when an electric field E 2 and a temperature T are applied to an enlarged (or reduced) volume 2, in terms of a reference 100 P L th failure time percentile t 0L (E 0 ,T 0 ) obtained on an initial volume 1 when an electric field E 0 and a temperature T 0 are applied. P E1 and P E2 represent the dielectric strength cumulative probabilities at the electric field E when the volume is respectively equal to volume 1 (initial volume) and volume 2 (final enlarged/reduced volume).
VI. APPLICATION
As a simple application of equation (25), let us consider HVAC extruded cables that have to undergo prequalification (PQ) tests according to IEC 62067 [15] . This test requires that a cable loop comprising approximately 100 m of cable is tested for 365 days at a voltage (field) that is 1.7 times the design voltage (field) of the cable: as shown in [9] , according to the electrical IPM (the Arrhenius term is omitted in [15] ) with n 0 =7 this should ensure the same cumulative aging at the end of the test as after 40 years at the design voltage (field). Therefore, consistently with [15] , let us assume n 0 =7 and neglect the thermal part of the model by setting A(T)=1 in (25).
As a first case-study, let us analyze an enlarged testing loop 150 m long that includes more different designs to be prequalified: hence, l 1 =100 m, l 2 =150 m. Under these hypotheses, no radial enlargement occurs and equation (25) simplifies further, being H AC =1 and G=(l 2 /l 1 ) 1/β E. The result is that the large 150 m long cable loop lives ≅240 days at a field E 2 =1.7 E 0 , while the standard 100 m long cable lives 365 days at the same field and failure probability (e.g. 1%). Thus the same test field is far more severe for the enlarged loop, since its life drops to 240/365×100≅67% of that of the standard loop.
As a second case-study, conversely let us analyze a reduced 20 m long loop. This can be the case of a "slightly" improved cable design that − after the original design passed a PQ test on a 100 m loop tested at E 1 =1.7 E 0 − undergoes an extension of prequalification test after [15] , carried out by testing a reduced 20 m long loop at the same field E 2 =1.7 E 0 . Thus, let it be l 1 =100 m, l 2 =20 m. The other hypotheses are as above. Eventually, testing the reduced 20 m long cable loop at a field E 2 =1.7 E 0 implies a life of ≅1824 days contrary to the 365 days of the 100 m long standard cable loop at same field and failure probability (e.g. 1%). Thus the same test field is dramatically less severe for the reduced loop, since its life booms to 1824/365×100=500%, i.e. five times that of the standard loop.
VII. CONCLUSIONS
Here the electro-thermal life model has been merged with the enlargement law. The global model obtained can be used in a reliability analysis of a full-size cable installed in field starting from the results attained in laboratory tests on cables with same materials but reduced length and/or insulation thickness. This feature highlights the relevance of the insulation quality, that should be the higher the longer is the cable line. This holds especially for HVDC cable systems.
This development brings out that special attention shall be paid when long-term, pre-qualification and type tests are performed in order to partially or fully re-attest or extend a previous test. In this respect, standards and recommendations shall be implemented with care.
